In 1995, we reported the construction of a video-rate scanning laser confocal microscope for imaging human skin in vivo. Since then, we have improved the resolution, contrast, depth of imaging, and field of view. Confocal images of human skin are shown with experimentally measured lateral resolution 0.5-1.0 µm and axial resolution (section thickness) 3-5 µm at nearinfrared wavelengths of 830 nm and 1064 nm; this resolution compares well to that of histology which is based on typically 5 µm thin sections. Imaging is possible to maximum depth of 350 µm over field of view of 160-800 µm. A mechanical skin-contact device C onfocal microscopy is a technique that allows optical sectioning of turbid objects (Wilson 1990; Pawley 1995; Webb, 1996) . A thin plane or section can be optically or noninvasively imaged within a scattering medium with high resolution and contrast. We have shown that thin sections of human skin can be imaged in vivo, and nuclear and cellular detail can be visualized without biopsy and histologic processing (Rajadhyaksha et al, 1995) .
In 1995, we reported the construction of a video-rate scanning laser confocal microscope for imaging human skin in vivo. Since then, we have improved the resolution, contrast, depth of imaging, and field of view. Confocal images of human skin are shown with experimentally measured lateral resolution 0.5-1.0 µm and axial resolution (section thickness) 3-5 µm at nearinfrared wavelengths of 830 nm and 1064 nm; this resolution compares well to that of histology which is based on typically 5 µm thin sections. Imaging is possible to maximum depth of 350 µm over field of view of 160-800 µm. A mechanical skin-contact device C onfocal microscopy is a technique that allows optical sectioning of turbid objects (Wilson 1990; Pawley 1995; Webb, 1996) . A thin plane or section can be optically or noninvasively imaged within a scattering medium with high resolution and contrast. We have shown that thin sections of human skin can be imaged in vivo, and nuclear and cellular detail can be visualized without biopsy and histologic processing (Rajadhyaksha et al, 1995) .
Confocal microscopes (CM) provide a noninvasive window into living skin for basic and clinical research. Skin can be imaged in its native state either in vivo or freshly biopsied (ex vivo) without the fixing, sectioning, and staining that is necessary for routine histology. Dynamic processes can be noninvasively observed over an extended period of time. (The site being investigated can be marked with either tattoo ink particles or a marker ink pen. With a skin-contact device, the site can then be repeatedly located and imaged with reasonably good precision. This is further described in Materials and Methods.) Real-time near-infrared confocal microscopes may be potentially used in the clinic for imaging skin lesions and their margins prior to biopsy, diagnosis of lesions without biopsy, or detection of margins in freshly excised tumors. For example, we have characterized psoriasis in vivo, including microscopic margins that demarcate psoriatic plaques from the surrounding normal skin (Gonzalez et al, 1998) . Manuscript received August 28, 1998; revised May 19, 1999 
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was developed to laterally stabilize the imaging site to within ⍨ 25 µm in the presence of subject motion. Based on these results, we built a small, portable, and robust confocal microscope that is capable of imaging normal and abnormal skin morphology and dynamic processes in vivo, in both laboratory and clinical settings. We report advances in confocal microscope instrumentation and methods, an optimum range of parameters, improved images of normal human skin, and comparison of confocal images with histology.
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Imaging of human epidermis and superficial dermis in vivo has been demonstrated with white-light tandem scanning CM (New et al, 1991; Corcuff et al, , 1996 Bertrand and Corcuff, 1994; Kaufman et al, 1995) and with scanning laser CM (Rajadhyaksha et al, 1995; Masters et al, 1997) . In 1995, we reported the design and development of a video-rate scanning laser CM (Rajadhyaksha et al, 1995) . We imaged the epidermis and papillary dermis with moderate contrast, to a limited depth, and over a limited field of view, using visible and near-infrared wavelengths and a single oil immersion objective lens that provided fixed magnification, resolution, and working distance. A single detector aperture (pinhole) was used and the imaging rate was fixed at 30 frames per s (standard television rate in the U.S.A.). The mechanical fixture that interfaced the skin to the CM could be used only on forearms and the imaging site could not be efficiently stabilized. In subsequent research, we tested a range of parameters for improved resolution and contrast, deeper imaging, and wider fields of view with the use of longer near-infrared wavelengths, objective lenses with a range of magnifications and numerical aperture (NA) and longer working distances, a range of pinhole sizes, and variable imaging rates. A skin-contact device was developed that can precisely locate the field to be imaged and keep the skin laterally stable at different sites on the body. Confocal images were compared with the corresponding histology. Based on the experimental results, we developed a small and portable CM that can be easily moved between different labs and clinics. With this CM, we have imaged cellular and nuclear structure in the epidermis, collagen, and circulating blood cells in the dermis, and other structures such as sebaceous glands, hair, sweat ducts, and nails. In this study, we report advances in CM instrumentation and methods, an optimum range of parameters, improved images of normal human epidermis and dermis in vivo, and comparison of confocal images with histology.
MATERIALS AND METHODS

Subjects
Sites on the arms, legs, back, torso, face, and scalp of human volunteers with skin types I-VI were imaged. Volunteers were recruited under experimental protocols that were approved by the Massachusetts General Hospital-Institutional Regulatory Board (MGH-IRB). Informed consent was obtained prior to confocal imaging.
Tested parameters
The design and operation of our CM prototype has been previously reported (Rajadhyaksha et al, 1995) . We tested the following range of parameters. Near-infrared illumination was as follows: 830 nm with a diode laser (SDL-2300-N2, Spectra Diode Laboratories, San Jose, CA; http://www.sdli.com), 1064 nm with an Nd:YAG laser (CV-4, Santa Fe Laser Company, Phoenix, AZ; this company has recently closed), and 1100 nm with a Ytterbium-doped fiber laser (prototype, Polaroid, Cambridge, MA; http://www.polaroid.com). The illumination power output from the objective lens (i.e., the power incident on the skin) was varied up to 20 mW. The illumination power was measured with a power meter (LM-3, Coherent, Auburn, CA; http://www.cohr.com), placed directly below the objective lens. The following water immersion objective lenses were tested for imaging the epidermis and dermis: 100ϫ/1.2 NA, 50ϫ/1.0 NA, 60ϫ/0.85 NA, 30ϫ/0.9-0.5 NA, 20ϫ/0.75 NA, 40 ϫ/0.7 NA, and 40ϫ/0.55 NA. Objective lens specifications are in appendix A. For imaging the stratum corneum, we used 63ϫ/0.85 NA and 40ϫ/0.65 NA dry (air immersion) objective lenses. Coverslips are used with those objective lenses that require one. Although the coverslips are fragile, we have found that they rarely break when imaging reasonably pliable skin sites, for two reasons: (i) when used with the skin-contact device (described below), the coverslip is only lightly pressed against the skin, and (ii) the objective lenses have sufficiently long working distances which prevents them from touching and pressing on the coverslip. On nonpliable sites such as the knuckles or knees, we do not use coverslips, and then correct for the resulting spherical aberration by varying the refractive index of the immersion medium (as explained below). Detector apertures (pinholes) of diameters 1-10 resels were used, where a resel is equal to one lateral resolution element. [A lateral resolution element is the minimum distance between two self-illuminated object points that can be distinctly seen as two separate points in the image (Webb, 1996) .] The immersion media were water (refractive index n ϭ 1.33) or cane-sugar solutions (of concentration 0%-57% in distilled water) of refractive indices n ϭ 1.33-1.35. Although the objective lenses were designed to be used with water, we determined that spherical aberration in the CM optics could be reduced with immersion media of refractive indices slightly higher than that of water. 2 We have also used water-2 Spherical aberration causes loss of resolution and contrast in confocal images. Spherical aberration occurs due to CM optics and refractive index mismatch between the tissue and immersion medium. To determine the spherical aberration, we carried out interferometric tests on light-scattering gel-phantoms, as a model for the epidermis (Wan et al, 1999) . The gelphantoms were of refractive indices (n ϭ 1.33-1.35) close to that (n ϭ 1.34) of the epidermis. We found the spherical aberration to be mainly due to the spherical aberrations of the objective lens and coverslip not being completely balanced. This happens because of variations in coverslip thickness from their nominal (170 µm) thickness for which objective lenses are designed. Some objective lenses have correction collars to adjust for coverslip thickness variations; our objective lenses, however, do not have correction collars. Hence, we use the standard method of varying the refractive index of the immersion medium. The interferometric test showed that the spherical aberration could be reduced by using immersion media of refractive indices (n ϭ 1.33-1.35) slightly different from the nominal refractive index (n ϭ 1.33) for water. The interferometric test results are confirmed by the contrast of confocal images of human epidermis in vivo. When we use cane-sugar solutions of refractive indices n ϭ 1.33-1.35, the visually perceived contrast in live images as well as the quantitatively measured contrast in grabbed images is higher than the contrast when using water (n ϭ 1.33).
Note that we can get increased working distance by not using a coverslip, and then using a suitable immersion medium refractive index to correct for the resulting spherical aberration. For example, with the 100ϫ/1.2 NA objective lens, the working distance increased from 150 µm to 320 µm by not using a coverslip. The interferometric measurements showed that the spherical aberration could be reduced to zero when using an immersion medium of refractive index 1.395. Again, this is confirmed with the contrast of confocal images of the epidermis in vivo. When we use canesugar solutions of refractive indices 1.39-1.40, the contrast is high in both visually perceived live images as well as grabbed images. Figure 1 . Skin-contact device keeps skin laterally stable to within ⍨ 25 µm when imaging at different sites on the body. The skincontact device consists of a housing for the objective lens, and a ring-andtemplate that is attached to the skin with medical-grade adhesive (either double-sided tape or liquid). The ring forms a well for holding the immersion medium. Holes in the template of diameter 0.2-10 mm allow precise location of the site to be imaged. By engaging and then locking the ring-and-template into the housing, we obtain stable skin-to-CM contact. The objective lens is mounted on a z-axis translation stage, so that the lens can be moved axially relative to the template. The housing is mounted on an XY-axes translation stage, so that the housing (and therefore the attached skin site) can be moved laterally relative to the objective lens. based gels, again, refractive indices n ϭ 1.33-1.35, such as those used for ultrasound imaging (Aquasonic 100, Parker Laboratories, Fairfield, NJ; http://www.parkerlabs.com), ophthalmology (Goniosol, CIBA Vision, Atlanta, GA; http://www.cvo-us.com), surgical anti-bacterial lubricants (Surgilube, E. Fougera, Melville, NY; http://www.fougera.com), or commercial hair care (Vidal Sassoon Extra Hold Gel, Proctor & Gamble, Cincinatti, OH; http://www.pg.com). These viscous gels do not ''run off'' the skin as water does, especially when imaging awkwardly shaped sites such those as in Fig B1 (Appendix B) .
CM instrumentation
Based on the experimental test results, we built a small, portable and robust scanning laser CM (VivaScope, Lucid, Henrietta, NY; http://www.lucid-tech.com) with an optical design similar to that of the prototype (Figure 1 in Rajadhyaksha et al, 1995) . The operating parameters are: illumination wavelength 830 nm, illumination power up to 20 mW on the skin, objective lens 30 ϫ/0.9 NA water immersion, field of view 250 µm, detector aperture (pinhole) diameters of 1-5 resels, and imaging rate 10-30 frames per s. The CM is supported on a stand that can be raised or lowered relative to the topographic site to be imaged; an extended arm with a rotatable head (Fig 1) allows easy interfacing to 
Skin-contact device
For stable imaging at different sites on the body, we developed a skin-to-CM contact device (Fig 1) . The objective lens and the optical train after the galvanometric scanner were mounted on a mechanical arm, so that a subject can be easily placed either directly below or next to the objective lens (while lying on a gurney or sitting on a chair). The skin-contact device consists of a housing that encloses the objective lens, and a ring and template. The ring and template is attached to the skin with medical-grade adhesive, either double-sided tape (Vasamedics, St. Paul, MN; http://www.vasamedics.com) or liquid (Mastisol, Ferndale Labs, Ferndale, MI) . The ring forms a well on the skin for holding the immersion medium. The template has a hole in the center to locate the site to be imaged. By using templates with hole diameters 0.2-10 mm, a site can be located to within that precision. With the subject placed either directly below or next to the objective lens, we lower or raise the CM on its stand as necessary, orient the head, and position the arm so that the ring-and-template engages and locks into the housing. The skin within the template hole then remains laterally stable relative to the objective lens even though the subject may be moving.
Imaging Details of the imaging procedure are in our earlier paper (Rajadhyaksha et al, 1995) . The CM views horizontal (en face) sections within the skin instead of the vertical sections that are familiar from routine histology (Fig 2 in Rajadhyaksha et al, 1995) . While axially moving the objective lens relative to the skin with a three-axis translation stage, we imaged sections beginning at the stratum corneum and going through the epidermis and superficial dermis. In the confocal images, the different layers of the epidermis were identified by the depth of the imaged section, the appearance, and similarity to corresponding histology sections. Depth measurements were made relative to the stratum corneum, as explained previously (Rajadhyaksha et al, 1995) . A sequence of confocal images were grabbed with an 8 bits/pixel frame grabber (Imaq PCI-1408 for PCs, National Instruments, Austin, TX, http://www.natinst.com; Pixelpipeline PTP425 for Macintosh computers, Perceptics Corporation, Knoxville, TN, http://www.perceptics.com; Scion AG-5 for PCs or Macs, Scion Corporation, Frederick, MD, http://www.scioncorp.com) and commercially available software (Imaqconf version 1.5.0 for PCs, National Instruments; SnagIt version 4.1 for PCs, TechSmith Corporation, East Lansing, MI, http://www.techsmith.com; IPLab Spectrum version 3.1 for Macs, Scanalytics, Fairfax, VA 22031, http://www.scanalytics.com; Scion version 1.6 for Macs or Scion ImagePC for PCs, Scion Corporation, Frederick, MD, http://www.scioncorp.com). Depending on the stability of the site, we were able to integrate two to four frames for improved signal-to-noise ratio. Four frames was the maximum number without introducing blurring due to skin motion. Each image requires about 1/3 MB and we have 100 MB of computer RAM available; thus, we could grab up to 300 frames over 10 s when imaging at 30 frames per s. The grabbed images were enhanced as follows: cropping, scaling with bilinear interpolation, linear 3 ϫ 3 filtering (i.e., moving average of the matrix of 3 ϫ 3 pixels using triangular shaped kernels), and contrast adjustment. The images were printed with a dye-sublimation printer (Phaser IISDX, Tektronix, Wilsonville, OR; http://www.tek.com).
Histology Punch skin biopsies (3 mm) were taken from the confocally imaged sites in three volunteers with skin types II, III, and IV, after local intradermal anesthesia (2% lidocaine with epinephrine). The sites were on the volar surface of their forearms. The skin biopsies were divided into two portions, fixed in buffered 10% formalin for 48 h, processed overnight, embedded in paraffin, sectioned at 5 µm thickness, and stained with hematoxylin and eosin. Standard vertical histology sections were made from one portion, and horizontal (en face) sections from the other. As the CM views horizontal sections, direct comparison of confocal images to horizontal histology sections was therefore possible. For one-to-one correspondence and to allow accurate visual comparison, both confocal images and histology micrographs were obtained with approximately the same lateral resolution (µ0.6 µm) over approximately the same field of view (µ200 µm). The horizontal histology sections of the different epidermal layers and the dermis were paired to the corresponding confocal images based on their appearance. Table I lists the current optimum range of parameters and advances in the CM design with which we have improved confocal imaging of human skin in vivo. With objective lenses of NA 1.2-0.7, detector aperture diameter of 1 resel, and wavelength 1064 nm, the measured lateral resolution was 0.5-1 µm and axial resolution (section thickness) was 3-5 µm. 3 Further details of the resolution measurements are reported elsewhere . We determined that a pinhole diameter of 1 resel provides the highest axial resolution. When using objective lenses with high NA, however, we did not see a strong effect of pinhole diameter on image contrast. With the 30-100ϫ/0.85-1.2 NA lenses, we have used pinholes of diameter up to 5 resels with only moderate decrease in contrast (i.e., the contrast was sufficiently high for the images to be useful). Deeper imaging was possible with longer near-infrared wavelengths: the maximum 3 Resolution measurements were made under a 150 µm thick layer of 10% Intralipid solution (Baxter Healthcare Corporation, Deerfield, IL; http://www.baxter.com) which is a standard light-scattering medium. The 10% intralipid solution approximately simulates scattering within skin as its scattering coefficients compare well to those of the epidermis at visible and near-infrared wavelengths. The lateral resolution was measured from the images of two standard objects: (i) the edge of a coverslip, and (ii) striae in the diatoms Gyrosigma balticum, Surirella gemma, Navicula iyra, and Nitzschia sigma (F6-B25D, Carolina Biological Supply Company, Burlington, NC; http://www.carolina.com), both immersed in 10% intralipid. The axial resolution (section thickness) was determined using the standard method of axially translating a mirror through the focus of the objective lens, and measuring the detected signal fall-off versus axial position. Again, the mirror was immersed in 10% intralipid. One measurement of axial resolution was determined with the mirror under a 80 µm thin piece of freshly excised living human epidermis that was removed as a suction-blister; this measurement accounts for scattering as well as spherical aberration in the epidermis. depth of imaging was 350 µm with either 1064 nm or 1100 nm when using the 30ϫ/0.9 NA objective lens. 4 Objective lenses with widely varying magnification provided a widely varying field of view: 160-800 µm with 100-20ϫ objective lenses. When using the skin-contact device, we observed on the live images that the site remained laterally stable to within Ϯ 25 µm even though the subject was moving. There was a slow (µ1.25 Hz) axial modulation of the skin because of blood flow pulsation, but this did not affect the viewing or grabbing of images as our imaging at 10-30 frames per s was much faster. Figure 2 shows confocal images of horizontal (en face) sections of the epidermis in vivo (Fig 2a, c, e, g ) and comparative histology sections (Fig 2b, d, f, h ). These confocal images were obtained with the small CM (VivaScope). A comparison of the images in this study (Figs 2-5 ) with earlier images (Figures 3-5 in Rajadhyaksha et al, 1995) shows the visual (qualitative) improvement in resolution and contrast.
RESULTS
Improvements in resolution, contrast, depth of imaging, and field of view
Improved images of epidermis and dermis in vivo
The stratum corneum produces the first image of the top surface of the skin (Fig 2a, b) due to back-scattered light at the air-stratum corneum interface. Large, polygonal-shaped anucleated corneocytes are seen within the overall morphology of the stratum corneum. The corneocytes are 10-30 µm in the confocal images and 30 µm in the histology. [In this study, the size refers to the observed dimensions of the cells in the horizontal (en face) confocal sections; these dimensions directly relate to the cross-sectional area of the cells.] Nuclei are not seen within the corneocytes. The surface microtopography of the stratum corneum is seen as large ''islands'' of corneocytes, separated by wrinkles that appear as dark furrows. Within the islands, the corneocytes appear as bright polygonal shapes with dark outlines. At 15-20 µm below the stratum corneum, we see granular cells of 25-35 µm in size (Fig 2c, d) . In confocal images of the viable cell layers of the epidermis, the cytoplasm appears bright and the nuclei are dark ovals. Within the cytoplasm, we see ''grainy'' structure due to organelles and melanosomes of 4 The maximum depth of imaging of 350 µm reported here is the measured distance along the axis that the objective lens was translated as we first imaged the stratum corneum, then through the epidermis, and into the dermis. Refractions of the focused illumination cone occur, however, due to the mismatch in refractive indices of the immersion medium (water, n ϭ 1.33), stratum corneum (n ϭ 1.51), epidermis (n ϭ 1.34), and dermis (n ϭ 1.40). These refractions cause an axial shift in the objective lens focal plane (i.e., confocal section). Geometrical analysis (see Appendix C) shows that the axial shift is 28 µm deeper when using the 30ϫ/0.9 NA objective lens; thus, the maximum depth of imaging is estimated to be 378 µm. size on the order of the lateral resolution (0.5-1.0 µm). Spinous cells are smaller cells of size 15-25 µm (Fig 2e, f) , seen 20-100 µm below the stratum corneum. Below the spinous layers, at an average depth of 100 µm below the stratum corneum, we see a single layer of basal cells at the dermo-epidermal junction. Basal cells are 7-12 µm in size and are seen in clusters wherever the horizontal (en face) confocal section cuts across dermal papillae (Fig 2 g, h) . Confocal images of horizontal (en face) sections of the dermis in vivo are shown in Fig 3. When we section below the dermoepidermal junction, at average depths of 100-150 µm, we see blood flow in the capillary loops within each papilla (Fig 3a) ; individual circulating blood cells are easily seen at higher resolution and magnification (Fig 3b) . From their relative shapes, sizes, and number densities, the cells were identified as erythrocytes of diameter 6-9 µm, leukocytes of dimension 6-30 µm, and platelets of dimension 2-5 µm. Below the dermo-epidermal junction, at average depths of 100-350 µm below the stratum corneum, a network of fibers of diameter 1-5 µm and bundles of diameter 5-25 µm can be seen within the papillary dermis (Fig 3c) and superficial reticular dermis (Fig 3d) ; these are probably collagen fibers and bundles.
Other structures that are visualized are faint spiral-shaped or crescent-shaped substructures that are either in the center or along the periphery within nuclei (presumed to be nucleoli), sebaceous glands, hair shafts within hair follicles, and sweat ducts spiralling into the dermis.
DISCUSSION
Working parameters
Use of the parameters in Table I has resulted in increased resolution and field of view, improved contrast, and deeper confocal imaging of human skin in vivo.
Illumination wavelength The longer near infrared 800-1100 nm wavelengths penetrate deeper than shorter visible 400-700 nm wavelengths that were used earlier (Anderson and Parrish, 1981) . Both lateral resolution: ∆x ϭ 0.46 λ/NA and axial resolution (section thickness): ∆z ϭ 1.4 nλ/NA 2 degrade linearly with wavelength λ (Sheppard and Wilson, 1978; Corle et al, 1986) . The loss of resolution, however, was tolerable at 800-1100 nm. (The above equations define the theoretical resolution for a given refractive index n of the immersion medium. When imaging tissue which typically has local variations in refractive index, however, the actual resolution may be less due to spherical aberration from mismatch in the refractive indices of the immersion medium and tissue.)
Illumination power The illumination power was limited to 20 mW (measured) at the skin. Over a field of view of 160 ϫ 120 µm with the 100ϫ/1.2 NA objective lens, that results in an irradiance of 100 W per cm 2 . This irradiance does not damage living human skin when imaged for several minutes. We imaged three sites on three volunteers of skin types II, III, and IV, for 15 min each with the 100ϫ/1.2 NA objective lens. The sites were then biopsied and processed for routine histology. Imaging was also done for 30 min on freshly excised (ex vivo) skin samples obtained from three volunteers, again, skin types II, III, and IV. The imaged samples were then processed for routine histology. In all cases, the histology did not show any damage to the skin samples.
The pigment melanin is the main chromophore (absorber of light) of visible and near-infrared light (Anderson and Parrish, 1981) . Therefore, damage to pigmented skin and nevi (moles) is of concern. We recently completed a study to assess damage to pigmented tissue during confocal imaging. 5 The retinal pigmented epithelium contains a high concentration of melanin and therefore bovine retinal pigmented epithelium was used as a model for pigmented skin. Freshly biopsied living retinal pigmented epithelium samples were imaged for 5-20 min with irradiances of up to 950 W per cm 2 at the wavelength of 1100 nm. After the imaging, cell viability was quantitatively determined with a fluorescence microscope, using fluorescein diacetate to label living cells. Cell death was found to occur for irradiances exceeding 500 W per cm 2 . The tissue damage was determined to be thermal. Note that we image with irradiances of 30-100 W per cm 2 depending on the objective lens (30-100ϫ) and CM (prototype or VivaScope) used; this does not damage either nonpigmented or pigmented skin.
Objective lenses The use of water immersion objective lenses, instead of standard oil immersion, has the advantage that the refractive index of water (n ϭ 1.33) is closer to that of the viable epidermis (n ϭ 1.34) and dermis (n ϭ 1.40) (Tearney et al, 1995) . (By comparison, the refractive index of immersion oil is 1.52.) This minimizes spherical aberration and the consequent loss of resolution and intensity that occurs when imaging deep within living tissue (Sheppard and Cogswell, 1991; Sheppard and Gu, 1991) .
The stratum corneum has a refractive index of 1.51 (Tearney et al, 1995) which does not match that of water. [Dehydrated stratum corneum has a slightly higher refractive index of about 1.55 (Scheuplein, 1964) .] The stratum corneum is thin compared with the epidermis and dermis, however. Given that the spherical aberration due to a layer (that is placed in a converging or diverging beam) increases linearly with thickness but depends weakly on the refractive index (Bass et al, 1995) , we expect the stratum corneum to have a weaker contribution to the aberration than the epidermis. Note that, when imaging through water with an oil immersion objective lens, the severe mismatch between the refractive index of immersion oil (n ϭ 1.52, which is close to the n ϭ 1.51 of the stratum corneum) and that of water (n ϭ 1.33) produces spherical aberration at depths exceeding 5 µm below the oil-water interface (Carlsson, 1991; Gibson and Lanni, 1992; Hell et al, 1993) .
Although water immersion objective lenses are necessary for imaging subsurface layers of living hydrated epidermis and dermis, the topmost layers of the stratum corneum can be better visualized by dry (air immersion) objective lenses. Contrast in confocal reflectance images is due to microvariations in refractive indices of tissue structures (Rajadhyaksha et al, 1995; Dunn et al, 1996 Dunn et al, , 1997 , so that the higher refractive index mismatch between air (n ϭ1.00) and stratum corneum (n ϭ 1.51) improves contrast and we can better visualize corneocytes and morphologic structure (compare Fig 2a in this study to Figure 3a in Rajadhyaksha et al, 1995) . Note that the dry objective lenses can be used only for the topmost stratum corneum layers, and they do not image subsurface layers well. Detector aperture (pinhole) diameter The size of the pinhole affects both axial resolution (section thickness) and detected signal level (Wilson and Carlini, 1987, 1988; Sandison et al, 1995) . A small pinhole is necessary for high axial resolution (thin sections) but a large pinhole detects more light. We confirmed that a pinhole diameter of 1 resel provides the highest axial resolution or the thinnest sections. (This is the pinhole diameter defined in the plane of the skin. The actual pinhole diameter at the detector is the resel multiplied by the magnification of the objective lens and intermediate optics.) Although the section thickness increases with large pinholes, we did not see a strong effect of pinhole diameter on image contrast when using objective lenses with high NA. With the 30-100ϫ/0.85-1.2 NA lenses, we have used pinholes of diameter up to 5 resels with only a moderate decrease in contrast (i.e., the contrast was sufficiently high for the images to be useful for easily visualizing nuclear and cellular detail in the epidermis and collagen and circulating blood in the dermis). Thus, with large pinholes, we lose some sectioning and contrast but, in return, we can either detect more signal or reduce illumination power on the skin.
Resolution With objective lenses of 1.2-0.7 NA, detector aperture diameter of 1 resel, and wavelength 1064 nm, the measured lateral resolution was 0.5-1 µm and axial resolution (section thickness) was 3-5 µm . The confocal section thickness in vivo is similar to the thickness (µ5 µm) of sections that are excised for histology; thus, the confocal resolution compares well with that of histology. As the confocal section thickness is less than the thickness (µ5-10 µm) of a single layer of cells, intracellular detail in the epidermis can be imaged.
When imaging the dermis (Fig 3c, d) , however, the resolution appears to degrade. This is probably due to the ''hills-and-valleys'' (dermal papillae-and-rete ridges) variation of the dermo-epidermal junction. The difference in refractive indices of the epidermis (n ϭ 1.34) and the dermis (n ϭ 1.40) must produce light scattering and spherical aberration effects at the highly irregular dermo-epidermal junction. Note that the resolution does not degrade when imaging, to comparable depth, tissues that lack irregular junctions between the different layers such as: (i) only the human dermis in vivo (overlying epidermis and dermo-epidermal junction removed as a suction-blister); (ii) human oral mucosa in vivo; 6 and (iii) rat bladder in vivo (Koenig et al, 1999) .
Skin-to-CM contact
Observation of live images shows that the imaged site remains laterally stable to within Ϯ 25 µm (about Ϯ 2 cells) even though the subject was moving. We observed the lateral shifts of Ϯ 25 µm to occur over 15-60 s (150-1800 frames at 10-30 frames per s), depending on the subject and the skin site. Because these lateral shifts in the image occur very slowly compared with the much faster imaging rates of 10-30 frames per s, they do not degrade the lateral resolution of 0.5-1.0 µm or blur the image.
The diameter of the ring-and-template is 3 cm which defines the available contact area for attaching it to the skin. The large contact area allows the ring-and-template to be easily attached on sites where the skin is either inherently flat or easily deforms into a flat surface. It is, however, not necessary to use the entire available contact area. The template is thin and can slightly deform to fit curved surfaces; thus, we have been able to attach the ring-andtemplate with minimal contact area to several different nondeformable curved sites on the body (Fig B1 in Appendix B) .
We can mark the site being studied with tattoo ink particles of µ50-100 µm in diameter that are injected along the periphery of the hole in the template. The tattoo ink particles last for several months. Alternatively, we can mark the periphery of the hole with a marker ink pen. The marker ink lasts for only 2-3 d, so that the site has to be re-marked often. Once the site has been marked, we have been able to remove the ring-and-template, and subsequently attach it at the same site with reasonably good precision. Thus, a specific site can be repeatedly located and imaged multiple times over several months.
A limitation of using the ring-and-template is that only the skin within the hole can be imaged. For imaging either the skin that lies immediately beyond the hole or multiple sites that are close to each other, the ring-and-template has to be removed and reattached. This may result in the loss of a few layers of stratum corneum from under the template. This can be minimized, however, with the use of a larger ring-and-template (with a larger hole) and larger objective lens housing.
Image prints
The images presented in this study were printed with a dye-sublimation printer. Although a dye-sublimation printer produces photographic-quality prints, we have found that the latest inexpensive ink-jet printers (e.g., HP 720C, Hewlett-Packard, Palo Alto, CA; http://www.hp.com) or laser printers (e.g., HP 4000, Hewlett-Packard) can also produce reasonably good quality prints.
Confocal images versus histology
The stratum corneum in the confocal images (Fig 2a) appears different from that (Fig 2b) in the histology. Imaging with a dry objective lens enhances the surface microtopography of the stratum corneum which appears as islands of corneocytes separated by wrinkles. The corneocytes appear as bright polygonal shapes with dark outlines. In histology, the stratum corneum appears different due to the artifact of lateral and vertical stretching; consequently, the corneocytes are larger than those seen in the confocal images. In the granular, spinous, and basal cell layers (Fig 2c-h) , however, there is good visual (qualitative) similarity of the confocal images to histology. Quantitative analysis of cellular and morphologic features showed good correlation of confocal images to those in histology (Figures 7 and 8 in Rajadhyaksha et al, 1995) . Features that were analyzed were cell and nuclear size, nuclear/cytoplasm ratio, cellular (or nuclear) density, density and size of dermal papillae, thickness of stratum corneum, epidermis, and rete ridges, blood cell type (platelets versus erythrocytes versus leukocytes) and size, and blood vessel size.
Confocal images are completely noninvasive and therefore free of the artifacts of the tissue processing (biopsy, fixing, sectioning, staining) that is necessary for histology. In the confocal images (Fig 2a, c, e, g ), we see grainy structure within the cytoplasm due to organelles and melanosomes of size on the order of the lateral resolution of 0.5-1.0 µm; when the corresponding histology (Fig 2b, d, f, h) is viewed with the same resolution, this grainy structure is seen in the granular layers but is not apparent in the spinous and basal layers. Artifacts in confocal images are (i) bright or dark spherical disks on the skin surface due to bubbles or dirt in the immersion medium, and (ii) bright dots in the center of nuclei which occasionally occur due to back-reflection of the illuminating cone of light from the underlying spherically shaped nuclear membrane. Artifacts in histology are shrinkage (causing empty spaces), distortion during biopsy, folds or wrinkles, precipitate particles, and dissolution of lipids; all these lead to disruption of the stratum corneum and corneocytes, and degeneration of cells and morphology including shrinkage of nucleoli (Ham and Cormack, 1979) . Confocal microscopy can noninvasively image dynamic changes such as, for example, blood flow, effects of ultraviolet light exposure, 7 response to allergens (Gonzalez et al, 1999a) , response to laser treatment (Gonzalez et al, 1999b) , and inflammation (Gonzalez et al, 1999c) . By comparison, the biopsy for histology destroys the site being investigated such that information at only one time point can be obtained.
The granular cells and spinous cells may appear similar to each other in the two confocal images (Fig 2c, e) shown here; however, the morphology changes as we go deeper into the epidermis. The morphologic changes may not be apparent when seen in only two images, but are obvious when seen in either real-time or a grabbed sequence of several images. From the superficial to the deeper spinous layers, there is a decrease in cell and nuclear size and an increase in the nuclear/cytoplasm ratio, cell density, and melanin content. We have quantitatively and qualitatively analyzed these morphologic changes and shown good correlation to histology; the data have been previously reported (Rajadhyaksha et al, 1995) .
Often, cells appear to have bright punctate outlines when seen under high resolution with the 100ϫ/1.2 NA objective lens (Fig 4a) . These appear more prominently in the spinous layers (Fig 4a) than in the granular layers (Fig 4c) , similar to that seen in histology (Figs 4b, d) . These bright cell outlines may be desmosomes. Desmosomes are known to be punctate spine-like cytoplasmic processes (containing thin filaments) that extend between cells to provide intercellular adhesion (Ham and Cormack, 1979; Fawcett, 1986; Goldsmith 1991) ; thus, the cell outlines appear punctate in the confocal images. They appear bright probably because the cytoplasmic processes back-scatter light, similar to that from intracellular cytoplasm. [As noted earlier, the contrast in confocal reflectance images is due to refractive index variations in the tissue microstructures; thus, the cytoplasm scatters back light and appears bright (Rajadhyaksha et al, 1995; Dunn et al, 1996 Dunn et al, , 1997 ]. The bright cell outlines are not seen in the stratum corneum probably because: (i) the desmosomes may have degenerated (Fawcett, 1986; Goldsmith 1991) , or (ii) the confocal section thickness of 3-5 µm includes several closely stacked layers of tightly packed corneocytes such that the desmosomes between cells may not be detected (i.e., may not image with high contrast) within the highly keratinized, strongly back-scattering bright cytoplasm.
In basal cells, confocal sections through the upper portion of the cells show bright disks (Fig 5a) . The disks always occur in supranuclear positions and are prominent in darkly pigmented skin (types IV-VI). We know that melanin provides strong contrast and appears bright in confocal images, such that the epidermal keratinocytes in darkly pigmented skin images brighter than those in lightly pigmented skin (Rajadhyaksha et al, 1995) . Thus, the brightness and supranuclear location of these disks suggests that these may be the protective melanin ''hats'' located above the nuclei, that are seen in high resolution histology (Fig 4b; see also Stenn, 1988) . These disks are not as bright in lightly pigmented skin (types I-III), and not seen in nonpigmented skin such as vitiligo. (Fig 2) . The confocal images of the histology sections show (a) large polygonal corneocytes (arrows) without nuclei, (b) granular, (c) spinous, and (d) basal cell layers. The cytoplasm is bright and grainy, and the nuclei appear as dark ovals (b,c, arrows) . Within the dark nuclei, nucleoli are clearly seen as bright oval structures (b,c, arrowheads). Although not evident in this figure, the intercellular outlines are dark. Blood vessels are clearly seen in crosssection (d, arrows) within dermal papillae. Collagen bundles in the dermis (e) can be imaged with high resolution and contrast.
Confocal images in vivo versus confocal images of hematoxylin and eosin-stained skin When fixed and hematoxylin and eosin-stained horizontal (en face) histology sections are viewed with the CM (Fig 6) , the gross architecture of the skin appears similar to that seen in the confocal images in vivo (Fig 2) . Specific features are better delineated in the histology sections than in vivo, however, due to the enhanced contrast from the hematoxylin and eosin stains. Thus, Fig 6 provides additional insight into the interpretation of confocal reflectance images of human skin that are obtained with scanning CM under coherent laser illumination. (Note, however, that hematoxylin and eosinstained histology sections are normally viewed with a conventional microscope using incoherent white-light illumination. As the histology sections are typically 5 µm thin, the optical sectioning capability of a confocal microscope is not necessary for viewing these sections.)
Within the stratum corneum, large polygonal anucleated corneocytes are seen (Fig 6a) , similar to those seen in vivo (Fig 2a) . The dark outlines of the corneocytes and the surface microtopography that are prominent in vivo are, however, not seen in the hematoxylin and eosin-stained sections. This must be due to the histologic processing. As expected, in the granular, spinous, and basal cell layers, the cytoplasm appears bright and grainy, and the nuclei appear as dark ovals (Fig 6b-d) ; this is also seen in vivo (Fig 2c, e,  g ). The grainy appearance of cytoplasm under coherent laser illumination shows, to some extent, the effect of speckle produced by diffusely back-scattered light from the optically rough tissue microstructure. [Optically rough means that the size variations of the microstructures are on the order of the illumination wavelength. This, then, causes spatial variations in the phase of the detected wavefront which produces speckle across the detector aperture (Goodman, 1985) .] By comparison, the cytoplasm appears much less grainy when illuminated with incoherent white light in both human skin in vivo (imaged with tandem scanning CM) and stained hematoxylin and eosin sections (viewed with a conventional microscope). Confocal images of the hematoxylin and eosin-stained sections shows the nucleoli as bright oval structures inside nuclei (Fig 6b, c) . Correspondingly, confocal images of skin in vivo show faint spiral-shaped or crescent-shaped structures inside the nuclei, which we think may be the nucleoli. The nucleoli that are seen so well in the hematoxylin and eosin-stained sections are not easily seen in vivo, probably because they back-scatter weakly and lack image contrast.
As noted earlier, in the epidermis in vivo, we observe bright punctate cell outlines which were more prominent in the spinous layers than in the granular layers (Fig 4a, c) . This compares well with the histology (Fig 4b, d) . These bright outlines may be desmosomes. The bright outlines of spinous cells that are seen in vivo (Fig 4a) are not seen in the corresponding confocal images of hematoxylin and eosin-stained sections (Fig 6c) . Although not evident in Fig 6(c) , the spinous cell outlines consistently appear dark in the live images. This suggests that the back-scattered light from the desmosomes may be much less in the hematoxylin and eosin-stained sections than that in vivo. This must be because the desmosomes appear to be few in number and spaced far apart compared with the CM illumination spot diameter (when the sections are viewed with a conventional microscope). This suggests degradation of the desmosomes during histologic processing. Electron microscopy supports this finding; electron micrographs reveal few desmosomes and large air gaps between cells, indicating loss of intercellular structure (Goldsmith 1991) .
Collagen bundles in the hematoxylin and eosin-stained sections (Fig 6e) appear bright and can be visualized with high resolution, compared with the relatively less bright structures in vivo that are imaged with lower resolution and contrast (Fig 3c, d) . This is probably due to the effects of the overlying epidermis, as noted earlier; when the epidermis is removed (as a suction blister), the confocal images of collagen in the dermis in vivo compare very well with Fig 6(e) . The blood vessels and dynamic blood flow in the dermis that is easily imaged in vivo (Fig 3a, b) is not seen in the hematoxylin and eosin-stained sections. In these sections, however, the cross-sections of the blood vessels containing blood cells are clearly delineated within dermal papillae (Fig 6d) .
CONCLUSIONS
We have determined an optimum range of parameters for CM that improves resolution and contrast, and increases the field of view and maximum depth of imaging in human skin in vivo. A small, portable, and robust CM was developed for rapid set-up and easy use in laboratory and clinical settings. Real-time noninvasive confocal infrared imaging of the epidermis, papillary dermis, and superficial reticular dermis to a maximum depth of 350 µm is possible with good correlation to histology.
Further instrumentation development will be toward vertical sectioning, three-dimensional image reconstruction, increasing the field of view, improving skin-to-microscope contact, and smaller (possibly hand-held) size. The scientific challenges are to learn to interpret and analyze confocal images, and improve confocal imagesto-histology correlation. Real-time confocal microscopy will be potentially useful for basic and clinical research, and for screening and diagnosis of lesions without biopsy. , and Melles Griot (Irvine, CA; http://www.mellesgriot.com). All objective lenses are corrected for tube length of 160 mm, and without any correction collars or adjustable irizes, except where noted. The immersion media are either water (refractive index 1.33) or air (refractive index 1.0). One objective lens (20 ϫ/0.75 NA, 93146, Nikon) is multi-immersion with the immersion media being water, glycerine, or oil (refractive indices 1.33, 1.47, and 1.52, respectively); we used this lens with water only. APPENDIX B Figure B1 . The skin-contact device can be used on either flat, deformable, or non-deformable curved skin surfaces. The ring-and-template can be attached with minimal contact area to sites on the knees (a), elbows (b), knuckles (c), nails (d), cheeks (e), neck (f), chin (g), and nose (h).
